Introduction
behind the promoter recognized by T7 DNA polymerase. The resulting plasmids, isolated from 131 transformed E. coli DH5α cells grown in Luria-Bertani (LB) medium containing 0.1 mg ml -1 of 132 ampicillin, were mutated at the translation termination codon using the QuickChange TM original culture volume of 20 mM K-phosphate, pH 7.4, containing 10 mM putrescine and 20 153 mM imidazole, they were broken by sonication (four pulses of 30 s each; MSE Soniprep 150 154 fitted with the standard probe), and the sonicate was centrifuged at 15,800 × g for 10 min. The 155 supernatant was loaded onto a 5-ml His-trap Ni-affinity column (Amersham Biosciences) 156 mounted on an ÄKTA fast protein liquid chromatography system (FPLC, Amersham 157 Biosciences), equilibrated and run at 1 ml min -1 with 50 mM K-phosphate, pH 7.0, containing 20 158 mM imidazole. The column was washed with the same buffer until the optical absorption of the 159 effluent returned to baseline, and then a 100-ml linear gradient of 20 to 500 mM imidazole in 50 160 mM K-phosphate, pH 7, was applied and 3-ml fractions were collected. Fractions containing the 161 essentially pure protein (monitored by SDS-PAGE and Coomassie staining) were pooled, 162 concentrated to ~20 mg ml -1 by centrifugal ultrafiltration (Amicon Ultra 30K device, from 163 Millipore), 20 % (v/v) glycerol was added, and the protein was stored at -20ºC. 164 injection to the column) on a Superdex200 HR 10/30 column (Amersham Biosciences) mounted 177 on an ÄKTA FPLC system equilibrated and run at 0.25 ml min -1 using a solution of 50 mM K-178 phosphate, pH 7.0, 1 mM DTT and 0.5 M NaCl. The fractions containing the essentially pure 179 protein were pooled, concentrated to ~20 mg ml -1 , and placed in Tris-HCl 50 mM pH 7.4, 0.5 M 180 NaCl, 1 mM DTT, by centrifugal ultrafiltration, and were then supplemented with 10% (v/v) 181 glycerol and stored at -20ºC. 182 183 Enzyme activity assays. AgDI and PTC activities were assayed at 37ºC by the production of 184 carbamoyl putrescine, determined colorimetrically at 465 nm in an assay for ureido groups (40) ) was estimated after complete conversion of agmatine to carbamoyl 187 putrescine using a large excess of AgDI, and was found to be 25 % higher than the color yield of 188 citrulline. The AgDI assay mixture (33) contained 50 mM EDTA brought to pH 7.8 with NaOH, 189 1 mg ml -1 bovine serum albumin (at the high dilutions used, the enzyme was unstable unless 1 190 mg ml -1 bovine serum albumin was added) and 5 mM agmatine (unless varied) or the compounds 191 tested to replace agmatine (L-arginine, L-argininamide or arcaine). The PTC assay mixture 192 contained 50 mM Tris-HCl pH 7, 0.1 mg ml -1 bovine serum albumin and 10 mM of both 193 carbamoyl phosphate and putrescine (unless indicated). When varying the concentration of one 194 substrate, the other was fixed at 10 mM. In both assays the amount of the enzyme was adjusted to 195 assure that there was no consumption of >20% of any substrate, even at the low substrate 196 concentrations used in the investigation of K m values. The reactions were terminated after 5-15 197 min with 7% cold trichloroacetic acid, and the amount of carbamoyl putrescine was determined. 
RESULTS

268
The agmatine catabolism gene cluster of E. faecalis V583. 269
Predicted genes ef0732, ef0733, ef0734 and ef0735 (Fig. 1) , are on the same DNA strand 270 of the E. faecalis V583 chromosome, separated by proposed intergenic distances of 66, 76 and 11 271 bp, and anotated in the current version of the TIGR database as the genes for putative ornithine 272 transcarbamylase, an amino acid permease, a hypothetical conserved protein and a putative 273 carbamate kinase, respectively. By analogy with the operon for arginine catabolism, in which the 274 genes for arginine deiminase, ornithine transcarbamylase, carbamate kinase and the 275 arginine/ornithine antiporter are designated arc (from arginine catabolism) ABCD, we will 276 designate here the genes ef0734, ef0732, ef0735 and ef0733 as agc (from agmatine catabolism) 277 ABCD, respectively ( agcA is in error: there are two more upstream inframe ATG codons, at 12 and 28 triplets from the 288 proposed initiator ATG, of which the most upstream one is the genuine one, because 1) it is the 289 only one that is preceded, 12 bases upstream, by a good Shine Dalgarno ribosomal binding 290 sequence (AGAAGG; the base differing from the canonical sequence is underlined); 2) the 291 protein expressed from this ATG is a highly active AgDI (see below); 3) there is correspondence 292 between these 28 N-terminal residues and the N-terminal sequence of the AgDI from P. 293 aeruginosa (38); and 4) in the crystal structure of E. faecalis AgDI presented here, all these 294 residues except Met1 are well ordered and integrated into the enzyme crystal structure as 295 expected for a genuine portion of the natural enzyme. Therefore, this ATG is eight bases into the 296 preceding agcD gene, and thus agcD and agcA overlap. which corresponds to the amino acid sequence expected from the gene sequence. As previously 324 reported for genuine E. faecalis putrescine transcarbamylase, the protein appears to be a highly 325 stable trimer, as judged from its behavior, relative to other proteins of known mass, when 326 subjected to chromatography in a column of Superdex-200HR (Fig. 2) . 327
Enzyme activity assays in the presence of 10 mM of both putrescine and carbamoyl 328 phosphate proved the recombinant protein to be a highly active putrescine transcarbamylase ( Fig.  329 1, lower part of the figure) exhibiting comparable although somewhat higher specific activity 330 than the non-recombinant enzyme purified from E. faecalis [597 U mg -1 , versus 460 U mg -1 for 331 non-recombinant PTC (56)], and yielding K m values for carbamoyl phosphate (58 ± 6 µM) and 332 putrescine (2.3 ± 0.3 mM) that also agree with prior determinations of the kinetic constants for 333 E. faecalis PTC (56). Furthermore, also according with prior results with PTC (56), the enzyme 334 exhibits some weak activity when 10 mM putrescine is replaced by either 10 mM ornithine or 335 cadaverine (6 and 9 %, respectively, of the activity observed with putrescine). 336
Studies with aspartate and ornithine transcarbamylases demonstrated that 339 phosphonoacetyl-L-aspartate (7) (PALA) and phosphoacetyl-L-ornithine (35) (PALO) are, 340 respectively, highly potent inert bisubstrate inhibitors of these enzymes. Since these inhibitors 341 have been successfully used in crystallization trials with these two enzymes (21, 47 ) that led to the 342 determination of their 3-D structures by X-ray diffraction, we reasoned that phosphonoacetyl 343 putrescine (PAPU) might be also a very potent and highly specific inhibitor of PTC and if so it 344 might help enzyme crystallization (see below). Although PAPU was synthesized previously (41), 345 to our knowledge it has never been used with PTC. Fig. 3A shows that PAPU, at µM 346 concentrations, is a very potent inhibitor of PTC, causing complete inhibition. In contrast, this 347 compound, at the same concentrations, does not inhibit E. faecalis OTC, highlighting the 348 selectivity of this inhibitor for PTC. The inhibition is non-competitive versus putrescine ( To try to clarify the differences between PTC and OTC that justify the different 359 specificities of these enzymes, we have initiated studies to determine the structure of PTC by X-360 ray diffraction of protein crystals. Initial crystallization trials in the absence of substrates or 361 inhibitors, or in the presence of putrescine, yielded crystals under some conditions, and some of 362 these crystals were of sufficient size for diffraction studies, but they diffracted X-rays poorly 363 (poorer than 4 Å resolution) even when synchrotron sources were used. The addition of PAPU to 364 the crystallization drop dramatically improved the results of the crystallization trials, strongly 365 suggesting that these new crystals contain bound PAPU. The crystals, having prismatic shape and 366 ~0.3 mm maximal dimension (Fig. 1D, top panel) , grew in about 1 week in the presence of 0.43 367 mM PAPU, using as crystallizants (NH 4 ) 2 SO 4 and polyethylene glycol 3.35K (from Hampton). 368
The crystals diffract X-rays (ESRF synchrotron ID-23-1 source) at 3 Å resolution, allowing 369 determination of the space group of the crystal (Table 1) , which is hexagonal P6 3 22, with a unit 370 cell that would allow accommodating 2 or 3 enzyme subunits in the asymmetric unit, depending 371 on whether 55% or 33% of the volume of the crystal is occupied by the solvent. We are presently 372 in the process of searching for the phases by molecular replacement, using the structure of OTC E. faecalis genome. The predicted protein product has nearly identical length (365 versus 368 379 amino acids) and exhibits 54% sequence identity with respect to the AgDI encoded by the aguA 380 gene of P. aeruginosa (38). In contrast, there is no significant identity (11.6 % identity, with 11 381 gaps) with the 408-residue sequence for the ADI of E. faecalis (3). Nevertheless, the Clustal W 382 alignment of the AgDI and ADI sequences (not shown) aligns a cysteine residue that is near theand plays in both enzymes an analogous key catalytic role (see below our structural data on 385 AgDI). 386
The agcA gene, cloned from the most upstream ATG codon in the expression plasmid 387 pET-22b(+), triggered upon IPTG induction massive expression of the expected protein (Fig.  388   1C) , in soluble form, as shown by the appearance of a large band in SDS-PAGE with a mass (46 389 kDa) corresponding, within experimental error, to the expected mass of the recombinant protein 390 (43,778 Da, including 2,589 extra Da due to the 24-residue C-terminal 6-His-containing 391 extension, VGGKQNSSSVDKLAAALEH 6 ). The extracts of the cells expressing the protein, but 392 not those transformed with the empty parental pET-22 plasmid, exhibited important AgDI 393 activity (Fig. 1, bottom) whereas ADI activity was nil in the same extracts. The recombinant 394 enzyme, purified by a combination of two Ni-affinity chromatography steps and a gel filtration 395 step, was obtained in high yield (~40 mg per liter of initial culture) in highly homogeneous form 396 (Fig. 1C) and was proven by gel filtration (and also by the crystal structure, see below) to be 397 tetrameric (Fig. 2) . This is a substantial difference with respect to the AgDIs that are involved in 398 polyamine synthesis, which appear to be dimeric (23,37,59). Nevertheless, E. faecalis AgDI 399 resembles the well characterized polyamine synthesizing AgDIs of corn and Arabidopsis thaliana 400 biochemically, the AgDI of the arginine decarboxylase (ADC) pathway of P. aeruginosa (37), for 405 which a much larger K m value (0.6 mM) and an ∼4-fold-lower specific activity, relative to the E.
given the instability of AgDI upon large dilution in the assay solution (prevented in our case by 409 adding 1 mg ml -1 bovine serum albumin). Similarly to all previous reports with AgDIs from other 410 sources (23,37,60), the E. faecalis enzyme appears highly specific for agmatine, not using L-411 arginine (Fig. 1, lower panel) 
416
AgDI and ADI share the same basic fold. 417
AgDI monocrystals of up to 1 mm lenght (Fig. 1D, bottom panel) diffracted X-rays to 418
1.65 Å, allowing the determination of the crystal structure of the enzyme at atomic resolution. 419
The asymmetric unit of the AgDI crystals (Table 1) . The monomer has a similar tertiary fold to that of the catalytic domain of ADI (Fig.  423 4A,B), although it lacks the five-helix bundle domain of this enzyme (9). Thus, the AgDI 424 monomer has the fan-like structure with five blades that is a distinctive trait of ADI, and which 425 results from a 5-fold pseudosymmetric structure in which each repeating element consists of a 426 three-stranded mixed β-sheet and a helix in a ββαβ arrangement. Given the absence in AgDI of 427 the five-helix bundle that distorts in ADI the fan-like structure, the AgDI monomer is closer to 428 fivefold pseudosymmetry than the catalytic domain of ADI (Fig. 4A,B) . Nevertheless, the first 429 repeat diverges from the canonical structure of the repeat since it has two helices and the20 arrangement βαβαβ, and it is flanked near the fivefold pseudosymmetry axis by the C-terminal 431 strand running antiparallel to the other three strands. The lengths and amino acid sequences, 432 however, vary considerably from one element to another (Fig. 4E) and of providing interactions with the other subunits to form the tetramer (see below). Because of 444 the presence of these loops on one side of the subunit, and also since the α helix of each repeat 445 fills the space between adjacent repeats diverging from the pseudosymmetry axis, the subunit has 446 a ball-like rounded shape (see each subunit in Fig. 4F and 4G) . 447
448
The agmatine binding site justifies the high specificity of AgDI for its substrate. 449 A large mass of electron density not corresponding to the polypeptide chain and having an 450 elongated shape was clearly visible (Fig. 4C ) filling an internal cavity of the enzyme, and being 451 connected to the density of the S atom of Cys357, the cysteine residue that is close to the enzymeelectron density at 1.65 Å resolution fits a completely extended molecule of agmatine, with its Cξ 454 atom (the C atom of the guanidinium group of agmatine) covalently linked with the S atom of 455 Cys357. Agmatine is bound centrally (Fig. 4A) , approximately along the five-fold 456 pseudosymmetry axis near its exit from the loop-rich side of the fan, in a closed, elongated, and 457 crowded cavity. The central position results in the involvement in the building of the site of 458 elements connected to all five repeats of the subunit. Thus, the site is formed between the long 459 loop of repeat 2 and the loops that connect repeats 5-to-1, 1-to-2, and 3-to-4. The cavity is closed 460 at its entry by a three-tongued gate formed by the loop of repeat 2 and by the long loops 461 connecting repeats 3-to-4 and 4-to-5 (seen lateraly in Fig. 4F ). In our structure the closure is 462 assured by mutual interactions between some residues of these loops, although it is clear that 463 these loops have to retreat at the beginning and at the end of the catalytic cycle, to allow substrate 464 binding and carbamoyl putrescine release. The extended substrate runs parallel to and makes 465 extensive Van der Waals contacts with a straight stretch of three glycines (Gly351-Gly352-466 Gly353), making also a hydrogen bond between the agmatine amino group and the O atom of 467 Gly351. These glycines are a part of the conserved sequence (G/A)GGNIHCITQQ(E/Q)P, which 468 includes the catalytic cysteine (underlined) and which can be considered a signature of AgDI. 469
The four-carbon portion of the molecule of agmatine is also surrounded by the indolic rings of 470 the invariant Trp93 and Trp119 (Fig. 4C) , which are like flat tiles that wall the substrate binding 471 cavity, and by the methyl group of invariant Thr215. The agmatine amino group also makes a 472 bond with the γ-COO -of Glu214 (Fig. 4C) , a residue that may play a key role in making the 473 enzyme extremely selective against arginine, since it would not favor placing near it another 474 negatively charged group as it would be the case for the carboxylate group of arginine. Anyway, 475 the region that surrounds carbon 1 of agmatine is packed with predominantly hydrophobic 476 groups, leaving no room for a carboxyl or for any other group of substantial size and less so if the 477 group is polar and charged as in an α carboxylate. On the opposite end of the agmatine molecule, 478 around the guanidinium group, the invariant residues Asp96, His218 and Asp220 surround the 479 bound substrate and play catalytic roles to be described below (Fig. 4C and 4D) . 480
481
The covalent adduct provides a snapshot of AgDI catalyzing its reaction 482 A close examination of the electron density around the Cξ atom of agmatine (Fig. 4D)  483 shows that this carbon is covalently linked with the S atom of Cys357 (C-S bond distance, 1.79 484 Å) and with two nitrogens (Nε and Nξ2). The Cξ in our structure is somewhat displaced from the 485 plane formed by its three covalent ligands (S, Nε and Nξ2 atoms) towards a water molecule (W1, 486
Fig. 4D) which is located at only 2.5 Å (a very short distance for non-bonded C and O atoms). 487
The water molecule is fixed by hydrogen bonds to one O atom of each of the two side-chain 488 carboxylates of Asp220 and Asp96, and to the δ1N atom of His218. In turn, the ε2N of His218 is 489 linked to the γ-COO
The architecture of the AgDI tetramer 501
In accordance with the conclusions derived from gel filtration data, AgDI is organized as 502 a tetramer. This tetramer has tetrahedral shape with the four subunits located in the vertices (Fig.  503   4G ) and can be considered composed of two identical dimers, each of them (Fig. 4F) built by a  504 180º-rotation of the monomer around an axis that is approximately parallel to the 5-fold 505 pseudosymmetry axis. Thus, this dimer has the aspect of two fans in battery. The interactions in 506 this dimer are mediated by the elements of the first and second repeats, with the edge of the more 507 external β strand of the first repeat interacting with the C-terminal two turns of α helix 4, the 508 helix belonging to the second repeat. These interactions are generally hydrophobic in the core 509 region and polar towards the periphery, and the surface involved amounts to an average of 991 Å By cloning the genes and by studying the expressed proteins, we provide here the most 527 conclusive proof to date that the E. faecalis agcB and agcA genes encode two key enzymes of 528 agmatine catabolism, PTC and AgDI, confirming and extending previous (17,18,39) but more 529 indirect evidence for the identification of these genes. When initially purified from E. faecalis, 530 PTC exhibited some (although low) activity with ornithine (56), and this is confirmed here with 531 the recombinant, His-tag-purified enzyme, virtually completely excluding OTC contamination as 532 the cause for this activity. Nevertheless, the relatively low specific activity of PTC compared 533 with the activity of pure OTC (~5-fold higher; the low PTC activity is not due to the poly-His 534 tail, since wild-type PTC isolated from E. faecalis has even somewhat less activity (56)) rendered 535 desirable to confirm that this enzyme is a genuine PTC, what has been done here by 536 demonstrating that this enzyme is powerfully inhibited by very low concentrations (K i =10 nM) of 537 the PTC-specific bisubstrate analog inhibitor PAPU, a compound that does not inhibit OTC at 538 similar concentrations. 539
Since E. faecalis OTC and PTC share 31% sequence identity, these two enzymes either 540 derive from a common ancestor of broad specificity, or, perhaps more likely since OTC cannot 541 use putrescine, PTC may derive from OTC and may not have perfected yet discrimination 542 between putrescine and ornithine, with the process of shifting specificity possibly having resulted 543 in somewhat compromised catalytic efficiency. To discriminate between these possibilities and to 544 clarify the determinants of specificity and catalytic efficiency, it would be important to compare 545 the structures of PTC and OTC, a goal that is now at closer reach thanks to the use of PAPU, 546 since we report here the production of X-ray diffracting PTC crystals generated in the presence of 547 this bisubstrate inhibitor. 548 structurally, as AgDI. The structure of this enzyme closely resembles that of ADI, the enzyme 550 that catalyzes the same reaction except for the use of arginine as substrate, exhibiting the 551 characteristic five-blade propeller fold presented by the catalytic domain of ADI (9,15), with the 552 substrate, also similarly to ADI, binding in a deep, central, very tight cavity. We have found here 553 that AgDI, again similarly to ADI (9,16), makes a covalent substrate amidino adduct involving a 554 catalytic thiol group belonging to a conserved Cys residue that is close to the enzymes C-termini. 555
Thus, ADI and AgDI are homologous enzymes, although the lack of significant sequence identity 556 between them indicates a long period of divergence. The inability of each of these enzymes to use 557 the substrate of the other (3,37, and present results) further suggests that the separation between 558 ADI and AgDI occurred long ago, with enough time for optimization of substrate specificity. 559
The AgDI studied here, committed to making ATP fermentatively from agmatine (48), 560 exhibits ~50 % sequence identity (not shown) with the more widespread AgDIs, which belong to 561 the arginine decarboxylase (ADC) pathway and are involved in polyamine production (37,38) 562 (although this pathway can also serve for agmatine utilization as a carbon and nitrogen source, as 563 in Pseudomonas aeruginosa (19, 52) ). The most relevant difference is that ADC-pathway AgDIs 564 appear to be dimeric (23,37,59), whereas E. faecalis AgDI is tetrameric, although in fact it is a 565 dimer of dimers and thus even in this aspect it does not depart much from the characteristics of 566 the ADC pathway AgDIs. Since AgDIs neither exhibit cooperativity for the substrate or 567 regulatory properties (46), we presently have no indications that the degree of oligomerization of 568
AgDIs is important functionally. 569
Although not studied experimentally here, there can be little doubt that the product of 570 agcC (Fig. 1A) is a true CK, since it is only one amino acid shorter than and exhibits 49%for which the 3-D structure was determined (29). Since the CKs involved in arginine and 573 agmatine catabolism appear similar and there is no evidence of CK regulation by effectors (32), 574 one plausible reason for having two separate CK isozymes in each of these pathways may be to 575 facilitate concerted expression of all the genes of one or the other pathway. The important 576 sequence identity of these two CK isozymes indicates that their separation is not remote. In 577 contrast, the lack of significant sequence identity (14%) between the E. faecalis arcD and agcD 578 gene products (the putative arginine/ornithine and agmatine/putrescine antiporters) indicates 579 ancient divergence, the homology of these genes being supported by the similarity of the 580 polypeptide lengths (483 and 458 residues, respectively) and transmembrane helix predictions 581 (11-12 helices), and also by the analogous functions and substrates of the antiporters. 582
The comparison of the genes of the ADI and AgDI pathways contradicts the naïve view 583 that the two pathways might have arisen by a process of duplication of a complete ancient four-584 gene cluster. As already indicated, the deiminase and antiporter components of both pathways 585 have evolved separately for much longer than the transcarbamylase and carbamate kinase 586 components, in contrast with the expectation for a common duplication event for all of the 587 elements of the gene cluster, followed by coevolution. Nevertheless, the genes for the 588 transcarbamylase and for CK may have duplicated simultaneously, given their similar degree of 589 conservation in one gene cluster relative to the corresponding genes in the other cluster and also 590 since in both clusters the transcarbamylase gene physically precedes the CK gene. elements of the loops that contribute to the gating mechanism, particularly with Glu214. Since 611 the formation of the covalent adduct with the thiol group of Cys357 should shorten somewhat the 612 bound molecule, the closing mechanism could be described as "pulling the gate from the inside" 613 by the covalently bound substrate. The importance of substrate binding for gate closure is 614 supported by the observation of the deposited structure of S. mutans AgDI, which contains no 615 bound agmatine, and where the largest loop involved in the gating mechanism is retracted and the 616 site is more accessible. Our structure, containing the covalently bound substrate, is closed, and 617 would have to be open at the end of the reaction. The simplest triggering mechanism to open the 618 gate could be defined as "pushing the gate from the inside", whereby the increase in the volumeresulting from the coexistence of the ureido group in carbamoyl putrescine and the free thiol in 620 Cys357 may result in some displacement of the molecule of the product towards the gate, 621 particularly given the extreme narrowness of the site, which should not allow bending of the 622 bound product. 623 Puzzlingly, in our crystal structure the enzyme has retained the covalent amidino adduct 624 without progressing further along the reactional path. The corresponding analog for arginine has 625 also been reported in ADI ( M, has resulted in the stabilization of the ammonia-containing amidino complex (W1 in our 629 structure could equally be ammonia), blocking further reaction with water (Fig. 5) . Whichever 630 the mechanism, the observation of the complex has had the value of clarifying substrate binding 631 and catalysis. The catalytic process involves centrally, as in the case of ADI (9,15), a charge relay 632 system consisting of Glu157 and His218, which promotes formation of the tetrahedral 633 intermediates by providing or withdrawing a proton; and Cys357 with its SH group being 634 abnormally acidic, perhaps because of the presence of the guanidinium group of the substrate and 635 possibly also by the inducing effect of the nearby (3Å) carboxylate of Asp96. We are presently 636 undertaking studies to subject to experimental test, by site-directed mutagenesis, the roles 637 proposed on the basis of the structure for catalysis of the reaction by these residues. 
